Introduction {#s0005}
============

Bladder cancer (BC) is the most common cause of death in patients with urinary system malignancies. The incidence and mortality of BC have increased in recent decades [@bb0005]. BC is a heterogeneous disease, and 70% of patients present with superficial tumors, which tend to recur but are generally not life-threatening, whereas 30% present with muscle-invasive disease associated with a high risk of death from distant metastases [@bb0010]. Tumor metastasis is the primary cause of death in BC, and is associated with a 5-year survival rate of approximately 8.1% [@bb0005]. Although different markers are associated with disease progression, including depth of invasion, stage, and grade, definitive clinical prognostic markers are lacking, and the cellular mechanism underlying disease progression remains unclear [@bb0015], [@bb0020].

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases with a conserved domain structure that are secreted in a latent (pro) form and activated by proteolytic removal of the NH~2~-terminal propeptide [@bb0025]. MMPs promote cancer progression by catalyzing the degradation of the extracellular matrix, which allows cancer cells to migrate out of the primary tumor to form metastases [@bb0030], [@bb0035]. In BC, MMP-2 activation is higher in invasive than in superficial tumors [@bb0040]. MMP-2 is secreted in its latent form (pro-MMP-2) and activated on the cell surface, which is mediated by two molecules: MMP-14, a membrane type 1 MMP that can induce MMP-2 activation [@bb0045], and tissue inhibitor of metalloproteinase-2 (TIMP-2), which has a dual role in the regulation of MMP-14--induced MMP-2 activation [@bb0050], [@bb0055]. However, little is known about their upstream regulators. Therefore, exploring the mechanisms underlying MMP-2 activation is important.

p85α is a class IA phosphatidylinositol 3-kinase (PI3K) regulatory subunit that binds, stabilizes, and inhibits the p110 catalytic subunit to allow receptor tyrosine kinase activation [@bb0060]. p85α up-regulates epidermal growth factor receptor (EGFR) expression, thereby promoting malignant cell transformation and migration in normal mouse embryonic fibroblasts (MEFs) in response to EGF [@bb0065]. However, p85α mRNA expression is down-regulated in human prostate, lung, ovarian, bladder, and liver cancers, consistent with the proposed tumor suppressor role of p85α. p85α acts as a tumor suppressor by negatively regulating growth factor signaling in the liver [@bb0070]. In response to the loss of PTEN expression, monomeric p85α negatively regulates PI3K signaling to suppress tumor growth [@bb0075]. The p85α monomer also has important functions independent of its regulation of PI3K, including the detachment of insulin receptor substrate proteins and positive regulation of PTEN function [@bb0080]. High p85α protein expression is significantly correlated with invasive breast cancer [@bb0085]. Therefore, the downstream regulators involved in human BC progression need to be identified.

Recent work from our group demonstrated that p85α is down-regulated in BC, and inhibits human BC invasion *via* a PI3K-independent pathway *in vitro*. In the present study, we investigated the effect of p85α down-regulation on the invasive ability of human BC cells. The results indicated that p85α regulates cancer cell invasion by inhibiting MMP-2 activation through the suppression of *MMP-14* mRNA transcription and TIMP-2 protein degradation *via* the c-Jun/Talin2/ATG7/autophagy axis.

Materials and Methods {#s0010}
=====================

Cell Culture and Reagents {#s0015}
-------------------------

T24 T cells were described in our previous publication [@bb0090] and cultured in DMEM:F-12 = 1:1 with 5% FBS. UMUC3 cells were described in our previous studies [@bb0095], [@bb0100] and cultured in DMEM with 10% FBS (ATLANTA, Flowery Branch, GA, USA). Cells were maintained in a humidified incubator at 37 °C and a 5% CO~2~ atmosphere. Antibodies against p85α (Abcam, Cambridge, MA, USA); BECLIN1, ATG3, ATG5/12, ATG7, LC3, HUR, and RhoA (Cell Signaling Technology Inc., Beverly, MA, USA); Sp1, E2F1, β-actin, and α-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and MMP-14, TIMP-2, SESN2, and p62 (GeneTex, Inc., CA, USA) were used in the study.

Plasmids and Stable Cell Transfection {#s0020}
-------------------------------------

The shRNA targeting human p85α was purchased from Open Biosystems (Lafayette, CO, USA). The p85α overexpression plasmid was bought from Addgene (Cambridge, MA, USA). Constructs for p110\* and p110\*∆kin overexpression were gifts from Professor Williams LT (Cardiovascular Research Institute and Daiichi Research Center, University of California, San Francisco, CA, USA.), and the TAM67 plasmid, a well-characterized dominant-negative c-Jun mutant, was described in our previous study [@bb0105]. The talin2 promoter luciferase reporter was kindly provided by Dr. Fei Chen, (Department of Pharmaceutical Sciences, Wayne State University, Detroit, MI, USA). shRNA constructs targeting ATG7 (shATG7), and the antisense plasmid for miR-190 were purchased from Open Biosystems (Pittsburg, PA, USA). All plasmids were prepared using the Plasmid Preparation/Extraction Maxi kit from QIAGEN (Valencia, CA, USA). Cell transfections were performed with PolyJet™ DNA *in vitro* Transfection Reagent (SignaGen Laboratories, Rockville, MD, USA) according to the manufacturer\'s instructions. For stable transfections, cell cultures were subjected to hygromycin B, G418, or puromycin selection according to the resistance of plasmids, and surviving cells were pooled as stable mass transfectants.

Western Blot Analysis {#s0025}
---------------------

Whole cell extracts were prepared using cell lysis buffer (10 mM Tris--HCl, pH 7.4, 1% SDS, and 1 mM Na~3~VO~4~) as described in our previous study [@bb0110]. Aliquots containing 50 μg of protein were resolved by SDS-PAGE, transferred to a PVDF membrane, and probed with the indicated primary antibodies followed by AP-conjugated secondary antibody. Signals were detected using the enhanced chemifluorescence western blotting system as described in a previous report [@bb0090]. The images were acquired by scanning with a phosphoimager (Typhoon FLA 7000 imager; Pittsburgh, PA, USA).

Luciferase Promoter Reporter Assay {#s0030}
----------------------------------

ATG7/talin2 promoter luciferase reporters were transiently transfected into cultured cells. Twenty-four hours after the transfection, luciferase activity was determined using the Luciferase Assay System kit (Promega, Madison, WI, USA). The results were normalized to the internal TK signal. All experiments were performed in triplicate, and the results were expressed as the mean ± standard error (SE).

Cell Invasion Assay {#s0035}
-------------------

The invasion kit was purchased from BD Falcon 353,047 (Franklin Lakes, NJ, USA). The invasion assay was performed according to the manufacturer\'s instructions in normal cell culture serum. Cells were seeded in Transwell chambers and fixed with 3.7% formalin for 2 min, washed twice with PBS, transferred to 100% methanol for 20 min, washed twice again, and finally stained by Giemsa (1:20 diluted with PBS) at room temperature for 15 min in the dark. After staining, the cells were washed twice with PBS, and non-invaded cells were scraped off with a cotton swab (PBS wetted) four times. Images were captured under an Olympus DP71, and the number of cells was calculated using Image J software as described previously [@bb0090], [@bb0115].

RT-PCR {#s0040}
------

Total RNA was extracted using the TRIzol reagent as described in the manufacturer\'s instructions (Invitrogen, Grand Island, NY, USA). Total RNA (5 μg) was used for first-strand cDNA synthesis with oligodT primers using the SuperScript IV First-Strand Synthesis system (Invitrogen). The primers used for PCR amplification were as follows: *human ATG7*, forward: 5′-GCC AAG ATC TCC TAC TCC A-3′, reverse: 5′-CAG AAG TAG CAG CCA AGC TTG T-3′; *human MMP-14*, forward: 5′-TTG GAC TGT CAG GAA TGA GG-3′, reverse: 5′-GCA GCA CAA AAT TCT CCG TG-3′; *human TIMP2*, forward: 5′-TAC GGC AGC AAG TCC AAT-3′, reverse: 5′-CCG CTC AAA TAC CTT CAC A-3′; *human MMP-2*, forward: 5′-CAA GTG GGA CAA GAA CCA GA-3′, reverse: 5′-CCA AAG TTG ATC ATG ATG T-3′; *human GAPDH*, forward: 5′-AGA AGG CTG GGG CTC ATT TG-3′, reverse: 5′-AGG GGC CAT CCA CAG TCT TC-3′; and *human Talin2*, forward: 5′-TGG TCA AAT CGG CCT CAG CA-3′, reverse: 5′-CCC TGA ACG GAG GCA TTG GC-3′.

Quantitative RT-PCR {#s0045}
-------------------

RNA extraction from cells was performed with the miRNeasy Mini Kit (QIAGEN). Total RNA (1 μg) was used for reverse transcription. Analysis of *human miR-190* (5′-TAT GTT TGA TAT ATT AGG T-3′) was performed using the miScript PCR system (QIAGEN) by the QuantStudio Real-time PCR system (Applied Biosystems). The primer for miRNA assays was purchased from Invitrogen, and U6 was used as the control. The initial activation was performed at 95 °C for 15 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 55 °C for 30 s, and extension at 70 °C for 30 s. The data were analyzed as described previously.

Statistical Analysis {#s0050}
--------------------

Student\'s t-test was used to determine the significance between groups. *P* \< .05 was considered as a significant difference between groups.

Results {#s0055}
=======

p85α is Down-Regulated in BC and Inhibits Human BC Cell Invasion in a PI3K-Independent Manner {#s0060}
---------------------------------------------------------------------------------------------

The Cancer Genome Atlas data and analysis of normal and tumor tissue samples from 11 patients with non-invasive and invasive BC showed that p85α expression was lower in tumor than in normal tissues ([Figure 1](#f0005){ref-type="fig"}, *A* and *B*), revealing the potential association of p85α with BC invasion. To test this notion, stable T24 T transfectants overexpressing p85α were established ([Figure 1](#f0005){ref-type="fig"},*C*), and ectopic expression of p85α significantly impaired the invasive ability of T24 T cells without affecting migration, indicating that p85α is involved in regulation of the invasiveness of BC ([Figure 1](#f0005){ref-type="fig"}, *D* and *E*). This notion was further supported by the results obtained from using short-hairpin RNA (shRNA)-mediated knockdown of p85α expression in T24 T cells, which enhanced invasive abilities of T24 T cells ([Figure 1](#f0005){ref-type="fig"}, *F*--*H*). Transfection of T24 T (p85α) cells with p110\*, an active form of p110, and p110\*∆kin, a kinase-deficient form of p110\*, which is a constitutively active chimera that contains the iSH2 domain of p85α fused to the NH2 terminus of p110 by means of a flexible glycine linker, had no effect on the invasive capacity of cells ([Figure 1](#f0005){ref-type="fig"}, *I*--*K*), suggesting that p85α inhibits human BC cell invasion in a PI3K-independent manner.Figure 1**p85α is down-regulated in bladder cancers *in vivo* and inhibits human bladder cancer cell invasion independently of PI3K *in vitro*.**(A) Eleven pairs of normal bladder and tumor tissue samples were analyzed. (B) The expression of p85α was analyzed in human bladder cancer and normal samples using The Cancer Genome Atlas (TCGA) cohort. (C, F, & I) Cell extracts from the stable transfectants T24 T(p85α), T24 T(shp85α-1\#), T24 T(shp85α-2\#), T24 T(p85α/p110\*∆kin), T24 T(p85α/p110\*), and the respective vector controls were subjected to Western blot analysis to determine the expression of p85α and the Myc-tag using the indicated antibodies. GAPDH was used as the protein loading control. (D, E, G, H, J & K) The invasive abilities of T24 T(p85α), T24 T(vector), T24 T(shp85α-1\#), T24 T(shp85α-2\#), T24 T(Nonsense), T24 T(p85α/p110\*∆kin), T24 T(p85α/p110\*), and T24 T(p85α), were determined using BD BioCoat™ Matrigel™ Invasion Chambers. Migration ability was determined using the empty insert membrane without the Matrigel. Invasion ability was assessed using the same system except for the inclusion of Matrigel. The invasion rate was normalized to the insert control according to the manufacturer\'s instructions. "\*" indicates a significant difference in invasion abilities in T24 T(p85α) *vs.* T24 T(vector), and T24 T(shp85α) *vs.* T24 T(Nonsense) cells (*P* \< .05). The results are presented as the mean ± SD from three independent experiments.Figure 1

ATG7-Mediated Autophagy is Essential for p85α Inhibition of BC Cell Invasion {#s0065}
----------------------------------------------------------------------------

Ectopic expression of p85α in T24 T cells suppressed the conversion of both autophagy markers, LC3A and LC3B, from LC3-I to LC3-II ([Figure 2](#f0010){ref-type="fig"}*A*), whereas shRNA-mediated silencing of p85α promoted the conversion of LC3 from LC3-I to LC3-II ([Figure 2](#f0010){ref-type="fig"}*B*). These results reveal that p85α has an inhibitory effect on human BC cell autophagy. Consistent with results observed on cell invasive abilities, transfection of p110\*∆kin into T24 T(p85α) cells did not restore autophagic level in T24 T(p85α) cells ([Figure 2](#f0010){ref-type="fig"}*C*). Moreover, the inhibition of autophagy by 5 nM of bafilomycin A1 (Baf) in T24 T(shp85α) cells specific suppressed invasion without affecting migration of T24 T(shp85α) cells ([Figure 2](#f0010){ref-type="fig"}, *D*--*F*), indicating that p85α specific inhibits human BC invasion by suppressing autophagy.Figure 2**p85α inhibition of human bladder cancer invasion is associated with its suppression of autophagy in human BC cells.**(A--C) The indicated cells were seeded into 6-well plates and cultured till 80--90% confluent. The cell extracts were subjected to Western blot analysis with the indicated antibodies. GAPDH was used as the protein loading control. (D) The indicated stable transfectants were treated with or without Baf (5 nM) for 24 h, and cell extracts were subjected to Western blot analysis with the indicated antibodies. (E and F) Invasion was evaluated using BD BioCoat™ Matrigel™ Invasion Chambers in the presence of either vehicle or the indicated concentration of Baf. "\*" indicates a significant difference between control and shp85α transfectants, and "^\#^" indicates a significant difference compared with the vehicle control group (*P* \< .05). The results are presented as the mean ± SD from three independent experiments.Figure 2

The autophagy-related (ATG) protein family, including ATG3, ATG7, and ATG12/ATG5, regulates cell autophagy in many experimental systems [@bb0120]. BECLIN1 is a critical upstream regulator of autophagy [@bb0125]. In addition, SESN2 and p62 are also associated with autophagy pathway [@bb0130]. Therefore, the effect of p85α on the expression of various ATG family members and other related molecules was determined in two pairs of cells, T24 T(Nonsense) *vs.* T24 T(shp85α) cells, and UMUC3(Nonsense) *vs.* UMUC3(shp85α) cells. The results indicated that p85α inhibited ATG7 expression, whereas it had no consistent effect on other related proteins ([Figure 3](#f0015){ref-type="fig"}, *A* and *B*). ATG7 expression was lower in T24 T(p85α) cells than in T24 T(Vector) cells ([Figure 3](#f0015){ref-type="fig"}*C*). shRNA-mediated knockdown of ATG7 in T24 T(shp85α) cells impaired the autophagy in T24 T(shp85α) cells ([Figure 3](#f0015){ref-type="fig"}*D*). Consistently, ATG7 knockdown also abolished the increase in invasive ability in T24 T(shp85α) cells ([Figure 3](#f0015){ref-type="fig"}, *E* and *F*). These results reveal that down-regulation of ATG7 mediates p85α inhibition of autophagy and in turn inhibiting BC invasion.Figure 3**p85α inhibition of ATG7 mediated its suppression of autophagy in human BC cells.**(A--B) Whole cells lysates from the indicated transfectants were subjected to Western blot analysis of the autophagy pathway, and GAPDH was used as the protein loading control. (C) Whole cell lysates were subjected to Western blot analysis. GAPDH was used as the protein loading control. (D) ATG7 knockdown plasmids were stably transfected into T24 T(shp85α) cells, and whole cells lysates were subjected to Western blot analysis. GAPDH was used as the protein loading control. (E and F) The invasive abilities of the indicated stable transfectants and their scramble vector transfectants were evaluated using BD BioCoat™ Matrigel™ Invasion Chambers. "\*" indicates a significant difference in invasion ability between T24 T(shp85α/Vector) and T24 T(shp85α/shATG72\#) (*P* \< .05). The results are presented as the mean ± SD from three independent experiments.Figure 3

p85α-Mediated miR-190 Down-Regulation *via* Inhibition of Talin2 Transcription Regulates *ATG7* mRNA Stability {#s0070}
--------------------------------------------------------------------------------------------------------------

To evaluate the molecular mechanisms underlying the effect of p85α on down-regulating ATG7 expression, *ATG7* mRNA levels were examined in T24 T(Nonsense) and T24 T(shp85α) cells ([Figure 4](#f0020){ref-type="fig"}*A*). Knockdown of p85α up-regulated *ATG7* mRNA in T24 T(shp85α) cells compared with T24 T(Nonsense) cells. p85α knockdown had no effect on the promoter transcriptional activity ([Figure 4](#f0020){ref-type="fig"}*B*). The results indicate that p85α does not inhibit ATG7 expression at the transcriptional level, which further implies the possible regulation of *ATG7* mRNA stability by p85α. To test this hypothesis, T24 T cells expressing Nonsense/shATG7 were treated with actinomycin D (Act D) for different times and *ATG7* mRNA degradation rates were evaluated. The results showed that p85α knockdown did increase *ATG7* mRNA stability ([Figure 4](#f0020){ref-type="fig"}*C*), indicating that *ATG7* expression is regulated at mRNA degradation level by p85α in human BC cells.Figure 4**p85α-mediated miR-190 down-regulation associated with inhibition of Talin2 transcription regulated *ATG7* mRNA stability.**(A) Total RNA was extracted from the indicated stable transfectants using TRIzol. ATG7 mRNA was determined by RT-PCR using specific primers. GAPDH was used as an internal control. (B) T24 T(Nonsense) and T24 T(shp85α) cells were transfected with an ATG7 promoter-driven luciferase reporter together with pRL-TK. The transfectants were seeded into 96-well plates to determine ATG7 promoter transcriptional activity. pRL-TK was used as an internal control to normalize the transfection efficiency. The results are presented as the mean ± SD from three replicate assays. (C) T24 T(Nonsense) and T24 T(shp85α) cells were seeded into 6-well plates. After synchronization, the cells were treated with Actinomycin D (Act D) for the indicated time points, and total RNA was isolated and subjected to qRT-PCR for analysis of mRNA level. (D) miR-190 levels were evaluated by qRT-PCR. The results are presented as the mean ± SD from triplicate experiments. "\*" indicates a significant increase compared with the nonsense transfectant (*P* \< .05). (E) A miR-190 inhibitor plasmid was stably transfected into T24 T(shp85α) cells, and the expression efficiency was determined by qRT-PCR. The results are presented as the mean ± SD of triplicate experiments. "\*" indicates a significant decrease compared with T24 T(shp85α/vector) cells (*P* \< .05). (F) T24 T(shp85α/vector) and T24 T(shp85α/anti-miR-190) cells were subjected to Western blotting for detection of the indicated proteins. GAPDH was used as the protein loading control. (G and H) The invasive abilities of T24 T(shp85α/vector) and T24 T(shp85α/anti-miR-190) cells were determined using a Transwell invasion assay. Migration ability was determined using the empty insert membrane without the Matrigel, and invasion was evaluated using the same system except for the addition of Matrigel. The invasion rate was normalized to the insert control according to the manufacturer\'s instructions, and the results were presented as the number of invasive T24 T(shp85α/anti-miR-190) cells relative to invasive T24 T(shp85α/vector) transfectants. "\*" indicates a significant difference in invasion ability between T24 T(shp85α/vector) and T24 T(shp85α/anti-miR-190) cells (*P* \< .05). (I) the *Talin2* mRNA expression level was evaluated by qRT-PCR in T24 T(Nonsense) and T24 T(shp85α) cells. (J) Talin2 promoter luciferase activity was evaluated by the Dual-Luciferase Reporter Assay System. The results are presented as the mean ± SD of triplicate experiments. "\*" indicates a significant increase compared with nonsense cells (*P* \< .05). (K) Schematic representation of the transcription factor binding sites of the human Talin2 gene promoter. (L) The expression of transcription factors was analyzed by Western blotting with GAPDH as the protein loading control. (M) TAM67 was stably transfected into T24 T(shp85α) cells, and cell extracts from T24 T(shp85α/vector) and T24 T(shp85α/TAM67) were subjected to Western blot analysis for detection of the indicated proteins. GAPDH was used as the protein loading control. (N) The Dual-Luciferase Reporter Assay System was used to evaluate talin2 promoter luciferase activity. The results are expressed as the mean ± SD of triplicate experiments. "\*" indicates a significant decrease compared with nonsense cells (*P* \< .05).Figure 4

MicroRNAs (miRNAs), a class of noncoding small RNAs, bind to the 3′ untranslated region (3′-UTR) of target genes and inhibit protein translation [@bb0135] or induce target mRNA degradation in human cells. We most recently identify miR-190 as a highly up-regulated miRNA at the transcriptional level in BC tissues and cell lines, and show that it binds to the ATG7 3′-UTR to regulate its stability. To determine whether miR-190 regulated p85α-dependent ATG7 expression, miR-190 levels were analyzed in T24 T(Nonsense) and T24 T(shp85α) cells ([Figure 4](#f0020){ref-type="fig"}*D*). The results of quantitative reverse-transcription PCR (qRT-PCR) indicated that miR-190 was significantly up-regulated upon knockdown of p85α, indicating that miR-190 may be negatively regulated by p85α. To evaluate the effect of miR-190 on ATG7 expression, we generated stable T24 T(shp85α) transfectants expressing anti-miR-190, which showed over 2-fold lower expression of miR-190 than the corresponding empty vector transfectants ([Figure 4](#f0020){ref-type="fig"}*E*). Inhibition of miR-190 in T24 T(shp85α) cells dramatically reduced ATG7 expression ([Figure 4](#f0020){ref-type="fig"}*F*), suggesting that miR-190 targeted *ATG7* mRNA. Assessment of the effect of miR-190 on the invasive capacity of BC cells showed that inhibition of miR-190 suppressed T24 T(shp85α) cell invasion ([Figure 4](#f0020){ref-type="fig"}, *G* and *H*).

miR-190 is conserved and located in the intronic region of its host gene, Talin2, in mice, rats, and humans (14), and talin2 regulates the expression of miR-190. We therefore measured the mRNA levels of *Talin2* ([Figure 4](#f0020){ref-type="fig"}*I*), and showed that *Talin2* mRNA expression was significantly higher in T24 T(shp85α) cells than in T24 T(Nonsense) cells. Then, the promoter activity of *Talin2* was evaluated and compared between T24 T(Nonsense) and T24 T(shp85α) cells. As shown in [Figure 4](#f0020){ref-type="fig"}*J*, knockdown of p85α significantly increased the promoter activity of Talin2, indicating that p85α inhibits the transcription of Talin2/miR-190. We next performed a bioinformatics scan on the promoter region of Talin2, which identified several potential binding sites for transcription factors in the Talin2 promoter region, including binding sites for Ets1, YY1, AP-1, and Elk-1 ([Figure 4](#f0020){ref-type="fig"}*K*). To define the specific transcription factors involved in the regulation of Talin2, the expression of these transcription factors was examined in T24 T(Nonsense) and T24 T(shp85α) cells as indicated in [Figure 4](#f0020){ref-type="fig"}*L*. The c-Jun protein and c-Jun phosphorylation (ser63/73) levels were increased in p85α knockdown cells, consistent with the alteration of *Talin2* mRNA and promoter activity in those transfectants. Therefore, the c-Jun dominant-negative mutant TAM67 was transfected into T24 T(shp85α) cells to determine the potential contribution of c-Jun to the activity of the Talin2 promoter ([Figure 4](#f0020){ref-type="fig"}*M*). Ectopic expression of TAM67 successfully blocked Talin2 promoter activity ([Figure 4](#f0020){ref-type="fig"}*N*), suggesting that c-Jun plays an important role in the p85α-mediated down-regulation of *Talin2* mRNA. Taken together, these results demonstrate that p85α inhibits c-Jun and in turn suppresses Talin2/miR-190 transcription, thereby down-regulating miR-190 expression in human BC cells.

p85α Inhibits Human BC Invasion by Regulating MMP-2 Activation {#s0075}
--------------------------------------------------------------

Many molecules have been implicated in BC cell invasion. Cdc42 plays a crucial role in regulating migration, and Rho GTPases are key players in this process [@bb0140]. Previous work from our group showed that XIAP regulates cell motility through its effect on actin polymerization and cytoskeleton formation [@bb0145]. MMPs play important roles in tumor spread [@bb0040], and MMP-9 expression and MMP-2 activity affect the progression, invasion, and metastasis of various cancers [@bb0150]. Detection of molecules involved in BC invasion in T24 T(Nonsense) and T24 T(shp85α) cells showed that activated MMP-2, but not pro-MMP2, was specifically up-regulated in T24 T(shp85α) cells compared with T24 T(Nonsense) cells, whereas other molecules did not correlate with the effect of p85α on down-regulating human BC invasion ([Figure 5](#f0025){ref-type="fig"}*A*). Taken together with the down-regulation of activated-MMP-2 and up-regulation of pro-MMP2 in T24 T(p85α) cells compared with T24 T(Vector) cells ([Figure 5](#f0025){ref-type="fig"}*B*), these results suggested that p85α plays an important role in modulating MMP-2 activation. To determine whether p85α inhibits human BC invasion by down-regulating MMP-2 activation, T24 T cells expressing shp85α/Vector and shp85α/shMMP2 were subjected to cell invasion assays. The results showed that MMP-2 knockdown decreased the invasive ability of T24 T(shp85α) cells ([Figure 5](#f0025){ref-type="fig"}, *C*--*E*), indicating that MMP-2 is crucial for invasion of T24 T(shp85α) cells, and further suggesting that p85α inhibits human BC invasion by specific decreasing MMP-2 activation. Our results also showed that *MMP-2* mRNA level was down-regulated in T24 T(shP85α) cells ([Figure 5](#f0025){ref-type="fig"}*F*), which is inconsistent with MMP-2 protein level, while the MMP-2 protein degradation rates were comparable between T24 T(Nonsense) and T24 T (sh*p85α*) cells ([Figure 5](#f0025){ref-type="fig"}*G*). Collectively, our results reveal that p85α inhibits human BC invasion by inhibiting MMP-2 activation, rather than increasing total MMP-2 protein expression.Figure 5**p85α inhibits human bladder cancer invasion by suppression of MMP-2 activation.**(A and B) The indicated cells were seeded into 6-well plates and cultured until 80--90% confluent. The cell extracts were then subjected to Western blot analysis with the indicated antibodies. GAPDH was used as the protein loading control. (C) Extracts from T24 T(shp85α/Vector) and T24 T(shp85α/shMMP2) cells were subjected to Western blot analysis for detection of the indicated proteins. GAPDH was used as the protein loading control. (D and E) The invasive abilities of the indicated stable transfectants and the corresponding scramble vector control transfectants were evaluated using BD BioCoat™ Matrigel™ Invasion Chambers. "\*" indicates a significant difference in invasive ability between T24 T(shp85α/Vector) and T24 T(shp85α/shMMP2) cells (*P* \< .05). The results are presented as the mean ± SD from three independent experiments. (F) *MMP-2* mRNA expression levels were evaluated by qRT-PCR in T24 T(Nonsense) and T24 T(shp85α) cells. (G) The indicated stable transfectants were pretreated with or without MG132 (10 μM) for 6 h, and then treated with cycloheximide (CHX, 100 μg/ml) for the indicated times. The cell extracts were subjected to Western blotting for determination of MMP-2 degradation, and GAPDH was used as the protein loading control.Figure 5

*MMP-14* mRNA Transcription is a p85α Downstream Effector Promoting MMP-2 Activation {#s0080}
------------------------------------------------------------------------------------

MMP-2 is secreted in its latent form (pro-MMP-2) and activated on the cell surface. MMP-14, also known as membrane type 1 MMP, can induce MMP-2 activation. We therefore analyzed the expression of the MMP-14 protein in T24 T(Nonsense) and T24 T(shp85α) cells, which showed that knockdown of p85α markedly up-regulated MMP-14 ([Figure 6](#f0030){ref-type="fig"}*A*). Consistently with protein levels, *MMP-14* mRNA levels were also higher in T24 T(shp85α) cells than in T24 T(Nonsense) cells ([Figure 6](#f0030){ref-type="fig"}*B*). Next, we compared the promoter activity of MMP-14 between T24 T(Nonsense) and T24 T(shp85α) cells. As shown in [Figure 6](#f0030){ref-type="fig"}*C*, knockdown of p85α significantly increased MMP-14 promoter activity in human T24 T cells. A bioinformatics scan of the promoter region of MMP-14 identified several potential binding sites for transcription factors, including binding sites for E2F1, SP1, NFAT-1, AP-1, and Elk-1 ([Figure 6](#f0030){ref-type="fig"}*D*). To define the specific transcription factors involved in the regulation of MMP-14, the expression of these transcription factors was assessed in T24 T(Nonsense) and T24 T(shp85α) cells and there was no remarkable alteration of these transcription factors shown in [Figure 6](#f0030){ref-type="fig"}*E*. Taken together with our results obtained from observation of p85α on c-Jun as indicated in [Figure 4](#f0020){ref-type="fig"}*L*, the up-regulated levels of c-Jun protein and c-Jun phosphorylation (ser63/73) in p85α knockdown cells were consistent with the alteration of MMP-14 in the transfectants. Therefore, the effect of c-Jun on the expression of MMP-14 was assessed in T24 T(shp85α) cells transfected with the c-Jun dominant-negative mutant TAM67 ([Figure 6](#f0030){ref-type="fig"}*F*). Ectopic expression of TAM67 decreased MMP-14 protein levels and activated MMP-2 level (Figure 6*F*), suggesting that the inhibition of c-Jun plays a role in the p85α-mediated suppression of *MMP-14* mRNA. Given our results showing that *MMP-14* mRNA degradation rates did not show the observable difference between the T24 T(Nonsense) and T24 T(shp85α) transfectants ([Figure 6](#f0030){ref-type="fig"}*G*), our results demonstrated that p85α inhibits c-Jun and down-regulates MMP-14 mRNA transcription, thereby reducing MMP-2 activation in human BC cells.Figure 6***MMP-14* mRNA transcription is a p85α downstream effector that mediates MMP-2 activation.**(A) The indicated cell extracts were subjected to Western blot analysis with the indicated antibodies. GAPDH was used as the protein loading control. (B) *MMP-14* mRNA expression levels were evaluated by qRT-PCR in T24 T(Nonsense) and T24 T(shp85α) cells. (C) MMP-14 promoter luciferase activity was evaluated using the Dual-Luciferase Reporter Assay System. The results are expressed as the mean ± SD of triplicate experiments. "\*" indicates a significant increase compared with nonsense cells (*P* \< .05). (D) Schematic representation of transcription factor binding sites in the human MMP-14 gene promoter. (E) Transcription factor expression was evaluated by Western blotting with GAPDH as the protein loading control. (E) Extracts from T24 T(shp85α/vector) and T24 T(shp85α/TAM67) cells were subjected to Western blot analysis for detection of the indicated proteins with GAPDH as the protein loading control. (F) T24 T(Nonsense) and T24 T(shp85α) cells were seeded into 6-well plates. After synchronization, the cells were treated with Act D for the indicated times. Total RNA was isolated and subjected to qRT-PCR for analysis of degradation.Figure 6

Autophagy-Mediated TIMP-2 Degradation Down-Regulates Activated MMP-2, Thereby Inhibiting BC Cell Invasion {#s0085}
---------------------------------------------------------------------------------------------------------

The inhibitory effect of TIMP-2 is mediated by its COOH-terminal domain, which interacts with the COOH-terminal region of MMP-2, thereby preventing it from interacting with MMP-14 and suppressing MMP-2 activation [@bb0155]. Assessment of TIMP-2 protein expression in the supernatant showed a decrease in secreted TIMP-2 in T24 T(shp85α) cells compared with the levels in T24 T(Nonsense) cells, indicating that p85α regulated activated MMP-2 by modulating TIMP-2 secretion ([Figure 7](#f0035){ref-type="fig"}*A*). The decrease in TIMP-2 secretion in the supernatant of T24 T(shp85α) cells could be explained by two mechanisms: an effect on TIMP-2 expression or alterations in the secretory pathway. Assessment protein expression of TIMP-2 in T24 T(Nonsense)/T24 T(shp85α) cells and T24 T(Vector)/T24 T(p85α) cells both showed the corresponding changes in the two pairs of cells ([Figures 7](#f0035){ref-type="fig"}, *B* and *C*), indicating that the increase of TIMP-2 in the extracellular environment was caused by the p85-mediated regulation of intracellular TIMP-2 expression.Figure 7**Timp-2 protein degradation is a p85α downstream effector that mediates MMP-2 activation.**(A) Extracellular proteins were concentrated from culture supernatants of T24 T(Nonsense) and T24 T(shp85α) cells at different times as indicated, and Western blotting was performed to detect TIMP-2 protein expression. (B and C) Extracts from the indicated cells were subjected to Western blot analysis with the indicated antibodies. GAPDH was used as a protein loading control. (D) *TIMP-2* mRNA expression levels were evaluated by qRT-PCR in T24 T(Nonsense) and T24 T(shp85α) cells. (E) T24 T cells were seeded into 6-well plates and treated with Baf (5 nM) for the indicated times. The cell extracts were then subjected to Western blotting with the indicated antibodies. GAPDH was used as the protein loading control. (F) Stable transfectants were pretreated with or without Baf (5 nM) for 12 h, and then treated with cycloheximide (CHX, 100 μg/ml) for the indicated times. The cell extracts were subjected to Western blotting for determination of TIMP-2 degradation. GAPDH was used as the protein loading control. The middle panel was derived from top panel, in which we tried to adjust the intensity of TIMP2 protein band accumulated by Baf in T24 T(shp85α) cells was comparable with that observed in T24 T(Nonsense) cells. (G) The indicated stable transfectants were treated with or without Baf (5 nM) for 24 h, and cell extracts were subjected to Western blot analysis with the indicated antibodies. (H) Schematic diagram showing the proposed mechanisms underlying p85α inhibition of human bladder cancer invasion in a PI3K-independent manner.Figure 7

Protein expression is regulated at the mRNA and protein levels. However, RT-PCR results showed no difference in *TIMP-2* mRNA levels between T24 T(Nonsense) and T24 T(shp85α) cells ([Figure 7](#f0035){ref-type="fig"}*D*), suggesting that p85α-mediated TIMP-2 modulation did not occur at the mRNA level. The expression of TIMP-2 was increased at different times in response to treatment of cells with autophagy inhibitor Baf ([Figure 7](#f0035){ref-type="fig"}*E*). Further, T24 T(Nonsense) and T24 T(shp85α) cells were pre-treated with or without an autophagy inhibitor Baf for 12 h to accumulate the TIMP-2 protein. Cells were then treated with CHX at different times to assess TIMP-2 degradation rates in the two cells. As shown in top panel of [Fig. 7](#f0035){ref-type="fig"}*F*, TIMP2 protein band accumulated by Baf in T24 T(shp85α) cells was lower than that observed in T24 T(Nonsense) cells, and this resulted in a little concern on assessing the difference of TIMP2 protein degradation rates between two transfectants. To address this concern, the second panel of [Figure 7](#f0035){ref-type="fig"}*F* was derived from top panel by separating TIMP2 protein bands in two transfectants, in which we adjusted the intensity of TIMP2 protein band accumulated by Baf in T24 T(shp85α) cells was comparable with that observed in T24 T(Nonsense) cells. Thus, the difference of TIMP2 protein degradation rates could be easily to observe in two transfectants. The results showed that p85α knockdown increase in TIMP-2 protein degradation in comparison to T24 T(Nonsense) cells ([Figure 7](#f0035){ref-type="fig"}*F*), indicating that p85α expression inhibits TIMP-2 protein degradation through an autophagy-dependent mechanism in human BC cells, and increased TIMP-2 interacts with MMP-14, and in turn reducing MMP-2 activation and resulting in suppression of invasion of human BC cells.

Discussion {#s0090}
==========

PI-3 K pathways control many physiological functions and cellular processes, including cell growth, survival, motility, and metabolism [@bb0160], [@bb0165], [@bb0170]. However, the role of p85α in BC invasion remains unexplored. The present study is the first to show that p85α is down-regulated in human BCs and plays an important role in MMP-2 activation in a PI3K-independent manner, therefore is a strong negative regulator of BC invasion. We showed that p85α inhibits MMP-2 activation by suppressing TIMP-2 protein degradation and MMP-14 transcription. C-Jun inhibition by p85α results in C-Jun downstream regulated gene MMP-14 transcription attenuation and Talin2/miR-190 transcription inhibition. miR-190 inhibition leads to its less binding to the 3′-UTR of ATG7 and therefore increasing *ATG7* mRNA degradation and further inhibiting the autophagy-dependent degradation of TIMP-2. The inhibition of MMP-14 transcription and increased TIMP-2 protein degradation together inhibits MMP-2 activation and BC invasion. This study is the first demonstration that p85α inhibits cancer cell invasion by negatively regulating MMP-2 activation in human BC cells.

p85α is a class IA PI3K regulatory subunit that interacts with the p110 catalytic subunit and inhibits PI3K pathways [@bb0175], [@bb0180], [@bb0185]. The PI3K activity-independent function of p85α was reported previously by different groups including ours [@bb0190], [@bb0195], [@bb0200]. For instance, p85α modulates cell responses by regulating the activation of signaling molecules such as Cdc42 in a PI3K-independent manner [@bb0195]. We previously reported the occurrence of p85α-associated and PI3K-independent cell death in response to UV radiation (UVR), and identified a novel p85α/NFAT3/TNFα signaling pathway that mediates cellular apoptotic responses under certain stress conditions [@bb0200]. The present study showed, for the first time, that p85α down-regulation is associated with BC cell invasion. Ectopic expression of p110\* and p110\*∆kin, the kinase-deficient form of p110 [@bb0205], did not rescue the invasive ability, suggesting that the function of p85α in BC invasion is PI3K-independent.

The present study demonstrated the involvement of autophagy in the regulation of cancer cell invasion and migration. In glioblastoma stem cells, autophagy inhibition or knockdown of the autophagy regulator p62 decreases invasion and migration *in vitro* and leads to metabolic defects [@bb0210]. Induction of autophagy by toll-like receptors promotes the secretion of pro-invasive factors, including IL-6, in lung cancer cells, supporting the role of autophagy as a determinant of pro-invasive secretion [@bb0215]. Here, we showed that p85α inhibits human BC invasion by suppression of ATG7-mediated autophagy. Previous work from our group showed that miR-190 binds to the 3′-UTR of ATG7, promoting *ATG7* mRNA degradation [@bb0220]. In the present study, we showed that p85α down-regulated miR-190 expression, thereby regulating *ATG7* mRNA stability. Talin2 is the host gene of miR-190, and its promoter controls the expression of miR-190 [@bb0225], [@bb0230]. Assessment of the promoter activity of Talin2 led to the conclusion that p85α regulates Talin2 at the transcriptional level. Further experiments showed that c-Jun regulated Talin2 transcription and mediated the effect of p85α on miR-190 down-regulation. Taken together, the present data suggest a new model in which p85α inhibits human BC invasion *via* the c-Jun/miR-190/ATG7/autophagy axis, which differs from its PI3K/AKT/mTOR pathway-dependent inhibition of autophagy by ULK-Atg13-FIP200 complexes [@bb0235], [@bb0240] and the regulation of cancer cell proliferation [@bb0245], [@bb0250].

MMP-2 was identified as a downstream target mediating the inhibitory effect of p85α. MMP-2 activation status is implicated in the progression, invasion, and metastasis of various cancers. In the present study, activated MMP-2 was the only protein induced by knockdown of p85α among a series of invasion-related proteins. Low levels of activated MMP-2 were associated with decreased BC invasion. MMP-14 (also known as membrane type 1 MMP) and TIMP-2 are important regulators for MMP-2 activation. MMP-14 can induce MMP-2 activation by cleaving the propeptide of pro-MMP-2 [@bb0255], and TIMP-2 has a dual role in regulating MMP-14--induced MMP-2 activation [@bb0155]. TIMP-2 binds to MT1-MMP to form a binary complex that acts as a receptor for pro-MMP-2. A free MT1-MMP molecule in close proximity cleaves the propeptide of pro-MMP-2, generating an intermediate species. Further proteolysis of the propeptide through an autocatalytic mechanism generates the fully active enzyme. However, when expressed at high levels, TIMP-2 binds to and inhibits MT1-MMP activity, preventing pro-MMP-2 activation \[52\]. In the present study, MMP-14 was up-regulated in T24 T(shp85α) cells concomitant with decreased TIMP-2 secretion, which can generate the tri-molecular complex required for proteolysis of the propeptide. Further research demonstrated that TIMP-2 protein degradation was mediated by autophagy, and treatment with an autophagy inhibitor increased TIMP-2 and decreased MMP-2 activation. The present study is the first to show that autophagy can mediate TIMP-2 protein degradation, thereby decreasing activated MMP-2 and inhibiting BC cell invasion.

In summary, we present a novel PI3K-independent function of p85α in regulating cancer cell invasion through the inhibition of MMP-2 activation mediated by the coordinated inhibition of TIMP-2 protein degradation and MMP-14 transcription through the c-Jun/Talin2/ATG7/autophagy axis. This pathway provides new insight into the mechanisms underlying the effect of p85α on regulating cancer cell invasion in a PI3K-independent manner.
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